Electroporation is an electric field induced phenomenon occurring when the permeability of the cell membrane is increased due to the excess of critical transmembrane potential. Fluorescent dye assays are frequently used for evaluation of the permeabilization rate, however, the protocols vary, which negatively affects the repeatability of the results. In this work we have designed experiments to investigate the protocols and threshold concentrations of the Propidium Iodide (PI) and YO-PRO-1 (YP) fluorescent dyes for evaluation of mammalian cell permeabilization induced by electroporation. The Sp2/0 mouse myeloma cells were used and the bursts of 100 μs x 8 electrical pulses of 0.8-2 kV/cm were applied. It has been shown that the dye concentration has an influence on the detectable permeabilization, and the concentrations below 30 μM for PI and 1 μM for YP should be avoided for measurement of electropermeabilization efficacy due to unreliable fluorescence signals. Further, based on the experimental data, the permeabilization curve for the Sp2/0 myeloma cells in the 0.8-2 kV/cm range has been presented.
INTRODUCTION
Electroporation is a technique which allows inducing transient or permanent increased permeability to the cell membrane using pulsed electric fields (PEF) [1] - [3] . Capability to control the permeability of the membrane to various macromolecules allowed to develop a vast array of biotechnological and biomedical methods, such as drug delivery, electrochemotherapy, gene delivery, and many others [3] - [6] .
The permeabilization effect is triggered when the steady state of the critical transmembrane potential is achieved (typically in the range of 1 V), however, the electric field amplitude to induce such a potential is cell type dependent and varies significantly (by several factors), depending on the biological object [7] , [8] . Also the exact PEF effect depends on the waveform, duration, number of pulses and other parameters, thus the research of the equivalent pulse parameters including effective protocols is constantly performed [9] - [11] . The parametric analysis is required each time a new cell type/strain is used due to the differences in the structure of the membrane, which results in a unique permeabilization curve for each cell type [12] - [13] . Typically, fluorescent dye assays are used for evaluation of the permeability by means of fluorescent microscopy and flow cytometry, while the Propidium Iodide (PI) and YO-PRO-1 (YP) dyes are the most common [14] - [17] . The evaluation of the transient permeability by PEF is complicated due to the rapid dynamics of the process [18] - [20] . The induced porosity of the cell membrane can be altered within seconds, while the dye diffusion and the polarization effects due to PEF depend both on the dye concentration and PEF parameters (additional ion interaction) and thus influence the efficacy of the dye uptake.
In the current state, the protocols for flow cytometry for evaluation of the transient permeability (induced by PEF) are not standardized, which negatively affects the repeatability of experiments. The factors such as limitations of instrumental infrastructure, toxicity of the dyes, and dyebinding time are also not taken into account.
Therefore, in this work we have designed experiments to investigate the permeabilization curve of Sp2/0 myeloma cells by different staining protocols. We have covered the concentration ranges that are typically used in the PEF studies [14] - [17] . Two different flow cytometric systems have been employed -FACSCalibur (Becton Dickinson Biosciences, San Jose, California, USA) and FlowSight (Amnis, Seattle, USA). Both systems are popular worldwide for the evaluation of the cell permeability, including the PEF induced effects [21] - [24] .
The aim was to determine the Sp2/0 permeabilization curve in the 0.8 -2 kV/cm range, investigate the differences between the PI and YP assays, determine minimum concentration thresholds for reliable fluorescence signals, and propose a protocol, which will allow accurate determination of electro-permeabilization in mammalian cells without special requirements for high-end fluorescence systems to produce a stable result.
SUBJECT & METHODS

A. Electroporation setup
For the electroporation experiments, the 3 kV, 60 A square wave pulse generator, that was developed in the Institute of High Magnetic Fields (VGTU, Vilnius, Lithuania), has been used [25] . The pulses were generated in a commercially available electroporation cuvette with 1 mm gap between the electrodes (BTX, Cuvette Nr. 610, San Diego, USA). Bursts of 0.8-2 kVcm -1 electric field pulses with duration of 100 μs were applied (total of 8 pulses). A repetitive frequency of the pulses was set to 1 kHz.
The waveform of the applied pulses is shown in Fig.1 . 
B. Biological cells and flow cytometry
Sp2/0 mouse myeloma cells were cultured in RPMI 1640 medium supplemented with 10 % fetal calf serum, 2 mM glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin (Gibco, Thermo Fisher Scientific, USA) at 37 °C, 5 % CO2. For electroporation, the cells were re-suspended at concentration 5 x 10 6 cells/ml in RPMI medium without supplementals. 70 µl of cell suspension was mixed with Propidium Iodide (PI) or YO-PRO-1 (YP) (Sigma-Aldrich, Germany) fluorescence dye and transferred to the electroporation cuvette. Four different dye concentrations, both for the PI and YP, have been used in the study. For the PI we have used 7.5-45 μM and for YP the 0.2-10 μM concentrations were selected, which is in agreement with the typical values of fluorescent dye concentrations used for electroporation [14] - [17] . After the pulsing procedure the cells were stored at room temperature (3 min) for staining. Later, the cells were transferred to flow cytometry tubes with 200 µl PBS buffer and the fluorescence was analyzed using BD FACSCalibur (Becton Dickinson Biosciences, San Jose, California, USA) and Cell Quest software.
Alternatively, the cells (after pulsing) were transferred to 1.5 mL tubes (Eppendorf, Hamburg, Germany) for analysis by FlowSight (Amnis, Seattle, USA) flow cytometer and IDEAS software (Amnis, Seattle, USA) was used for data processing.
Example of the fluorescence spectra and the gate definition, which is typical for electroporation studies for measurement of electroporation effect using flow cytometry [26] , is shown in Fig.2 . The gate M1 has been positioned in the control sample to be in agreement with the vitality data of the cells before the treatment, which was acquired using the vital stain Trypan Blue (Gibco, Thermo Fisher Scientific, USA) and evaluated by light microscopy (Olympus CKX31, Japan). The number of cells with compromised membrane before PEF treatment did not exceed 10 % in all experimental instances. After the treatment, the shift of spectra has been observed and the cells in the gate M1 have been defined as fluorescent positive (permeabilized), while the cells outside the gate as fluorescent negative (non-permeabilized).
To determine the cell viability after the pulsing, the cells were electroporated without any staining. The majority of reversible electroporation induced pores reseal very fast (ms range) [18] - [20] , while complete pore resealing may take up to several minutes [27] , therefore the cells were stained after a 30 min delay with 0.1 µM of YP and 1 µg/ml PI, followed by a 20 min staining protocol [28] . The resultant fluorescence was analyzed using FlowSight (Amnis, Seattle, USA) flow cytometer. The cells were identified as viable, if both the YP and PI negative fluorescence was observed. Further, the number of YP/PI negative cells was expressed as a percentage of the total number of cells. 
C. Statistical analysis
At least three independent experimental sessions have been performed for each unique set of parameters. Statistical analysis has been performed on all of the acquired data (OriginPro 8.5, OriginLab, Northhampton, MA, USA). The paired t-test was used for the estimation of the statistical significance. The results were considered statistically significant at P < 0.05.
RESULTS
The cells have been subjected to pulsed electric field of 0.8-2 kVcm -1 with different fluorescent dye concentrations present in the medium. The resultant permeabilization curves of Sp2/0 cells using the YP and PI assays are shown in Fig.3. (measured using BD FACSCalibur) . The viability curve (dashed line, measured using Amnis FlowSight) is presented in superposition to the permeability results.
As can be seen in Fig.3 . (Top), the 1-10 μM concentrations of YP showed low variation in values. High permeability (>90 %) was observed when the electric field exceeded 1.2 kVcm The PI assay showed a higher discrepancy in the results (Fig.3. bottom) . Similar to the YP 0.2 μM case, the low concentrations of the PI (7.5-15 μM) distorted the curvesthe viability and the permeabilization data were controversial, i.e., the number of fluorescent cells was lower than the number of non-viable cells. However, further increase of the concentration to (30-45 μM) was sufficient enough for the YP and PI results to be in compliance without a statistically significant difference.
We have further evaluated the mean fluorescence intensity (MFI) of the samples after the treatment (measured using BD FACSCalibur). The results are summarized in Fig.4 . The highest mean fluorescence intensity has been acquired using the PI dye with high concentration (45 μM) followed by a 10 μM YP assay.
The low concentration of the dyes resulted in low mean fluorescence. We were not able to observe a statistically significant difference between the PI 7.5-15 μM and YP 0.2-1 μM protocols.
Further, the Amnis FlowSight system has been employed in the study and the darkfield (side scatter), brightfield, and fluorescence images of each cell have been acquired (total of 10000 cells for each unique set of parameters).
The typical images of PI fluorescence (21 cells randomly selected from each experimental instance), which accurately represent the generality of the observation in the control samples without any treatment and samples after high PEF permeabilization, are presented in Fig.5 . The fluorescence of the non-treated cells (Fig.5.a) did not depend on the dye concentration due to the non-compromised membrane integrity. The 1.4 kVcm -1 protocol has been used to induce high permeabilization (See Fig.3.) . However, the number of fluorescent cells was significantly lower (Fig.5.b ) in the 7.5 μM PI protocol case and an incremental tendency was observed with increase of the dye concentration (Fig.5.c), d) , which is in agreement with the flow-cytometry data that was acquired by the BD FACSCalibur system (See Fig.3., bottom) .
Finally, the permeabilization curve for the Sp2/0 myeloma cell line was determined as average of 45 μM PI and 1-10 μM YP instances. The superposition of the permeability and viability curves is shown in Fig.6 .
As can be seen in Fig.6 ., the PEF induced permeabilization is triggered in the 0.8-0.9 kVcm -1 range (10-20 %), followed by a rapid increase (up to 95 %) when the 1.4 kVcm -1 PEF is applied.
Taking into account the number of irreversibly permeabilized cells, the 1.1-1.2 kVcm -1 100 μs x 8 protocol is optimal for triggering high transient permeability with minimum loss in viability for the Sp2/0 myeloma cell line.
CONCLUSION
It has been concluded that the concentration of the fluorescent dye influences the transient permeability data after electroporation. Low dye concentrations, both for PI (7.5-15 μM) and YP (0.2 μM), result in distortion of the permeabilization curve and further controversy with viability data. The effect is influenced by the resultant low mean fluorescence after excitation and, thus, low sensitivity to changes in transient permeability of the cells.
It was determined that application of dye concentrations above 30 μM for PI and 1 μM for YP allows accurate determination of electro-permeabilization in Sp2/0 myeloma cells without special requirements for highly sensitive fluorescence systems to produce a stable result. While it is still possible to detect fluorescence of dyes with lower concentrations by high-end flow cytometric infrastructure, the fluorescence microscopy and or low sensitivity flow cytometric instrumentation is not applicable, which severely impairs the repeatability of the scientific findings.
It has been determined that the 1.1-1.2 kVcm -1 100 μs x 8 protocol allows to achieve high electric field induced cell permeabilization with minimum loss in viability for the Sp2/0 myeloma cell line. 
